ABSTRACT This study evaluated temperature during preincubation and embryonic day 0 (E0) E0 to E5 of incubation on broiler embryo development and subsequent live performance. Freshly laid eggs from a single 41-wk-old Ross 708 broiler breeder flock produced on a single day were weighed individually for weight matching purposes, stored overnight, and assigned to 4 treatment combinations of 2 preincubation temperatures (23.9 or 29.4
INTRODUCTION
Significant changes have taken place in the broiler industry over the past several decades. Improvements in genetics, nutrition, and management have resulted in a dramatic reduction in the number of days required to achieve broiler market weight (Havenstein et al., 2003; Zuidhof et al., 2014) . Hence, a chicken may now spend more than one-third of its life in an incubator (Fasenko, 2007) . Therefore, incubation has become an even more important aspect of the poultry business. Basic principles and practices of artificial incubation have been known since ancient times by the Egyptians and Chinese, who used various forms of primitive ovens to incubate eggs and hatch chicks (Sykes, 1991) . Their basic knowledge has been passed down from generation to generation. Presently, with the development of thermometers, electronics, and computers, modern incubation manufacturers have continued to try to economically incorporate what each hen does naturally C 2017 Poultry Science Association Inc. Received February 26, 2016 . Accepted January 12, 2017 Corresponding author: jbrake@ncsu.edu into the design and mechanical efficiencies of modern incubators in order to improve hatchability and chick quality (Sykes, 1991) . However, in nature, each hen has heated her eggs through direct contact with her brood patch rather than with air. Furthermore, natural incubation conditions have been found to be nonuniform because of the bird leaving the nest in search of food, to evade predators, and non-uniform nest insulation (Webb, 1987) . Therefore, hens actually have only limited control over egg temperature in natural conditions. Nevertheless, temperature has been considered to be one of the most influential factors on embryonic growth and development during all stages of incubation (Yahav, 2014) as well as during storage (Fasenko et al., 1992; Fasenko, 2007) . Becker and Bearse (1958) observed that eggs stored for 21 or 28 d were more sensitive to preincubation treatments known to affect hatchability than were eggs stored for shorter periods. Hodgetts (1999) suggested that eggs should be warmed slowly to reduce temperature shock to the embryos while Wilson (1991) suggested that it was favorable to warm eggs rapidly to incubation temperature. Furthermore, it has been found more recently that changing incubation temperature during temperature sensitive periods of embryonic development of central control pathways improved live performance and thermotolerance of broilers (Piestun et al., 2008 (Piestun et al., , 2009 (Piestun et al., , 2013 Loyau et al., 2013) and turkeys (Piestun et al., 2015) . Piestun et al. (2013) concluded that thermal treatments during preincubation or during the sex determination period of incubation (E0 to E5) had a positive effect on Cobb 500 strain broiler hatchability, live performance, and secondary sexual characteristics of males and females most probably caused by the increased plasma testosterone concentration observed in both genders as a result of early thermal treatments.
The thermal treatments of Piestun et al. (2008 Piestun et al. ( , 2009 ) were applied during incubation coincident with the development of the yolk sac membrane (YSM) and chorioallantoic membrane (CAM) but measurement of YSM and CAM development were not undertaken. Embryogenesis has been found to be supported by 3 gasexchange organ systems: the YSM, the CAM, and finally the lungs. The YSM of the chick embryo was also found to be responsible for absorption of nutrients from the yolk and was described as floating on the yolk during the first week of incubation but eventually grew around and enclosed the entire yolk (Romanoff, 1960) . The YSM has not only played a major role in the transport of nutrients from the yolk to the chick embryo (Yadgary et al., 2011) but was also as a site for the production of primitive blood cells and synthesis of specific proteins. Therefore, blood and blood vessels in the YSM were formed before vessels developed in the embryo body (intraembryonic vessels) and continued to change with embryo development throughout incubation (Romanoff, 1960) . Other than nutrients, the yolk has also been reported to contain many hormones that can modulate the growth of the embryo (Haywood and Wingfield, 2004) . The development of the YSM could be described as controlling both yolk sac absorption and ultimately contributing to the subsequent live performance of the hatched broiler chicks.
The chick CAM has been observed to begin development at E5 as a very simple extraembryonic membrane that also served multiple functions during embryo development. The CAM has been found to be rich in blood capillaries that lined the inner surface of the egg shell membranes where it was the site of exchange of respiratory gases, calcium transport from the eggshell, embryonic acid-base homeostasis, and ion and water reabsorption from the allantoic fluid (Baggott et al., 2002) . All these functions have been shown to be accomplished by the CAM through unique differentiation that created a wide range of structural and molecular peculiarities with highly specialized ion transporting epithelia. As the embryo grew, the vasculature of the YSM decreased in proximity to the egg shell surface, therefore carrying less oxygen to the embryo as the CAM assumed the role of oxygen transport after E8 as the capacity of the YSM diminished (Romanoff, 1960; Etches et al., 1995) . The objectives of the present experiment were to study the effects of thermal manipulation (TM) utilizing preincubation and early incubation temperatures on embryo development, chick characteristics at hatching, posthatching broiler live performance and carcass yield, and coincident development of the YSM and CAM tissues in Ross 708 strain broilers.
MATERIALS AND METHODS

Experimental Design
The experimental protocol used in this study was approved by the North Carolina State University Institutional Animal Care and Use Committee. Freshly laid eggs produced by Ross 708 broiler breeders were provided by a commercial broiler company collected from a single flock during a single day when the flock was 41 wk of age. All eggs were weighed and eggs between 60 g and 63 g were numbered individually. There were 90 groups of 4 weight-matched eggs identified to remove potentially confounding effects of egg weight. One egg of each group with the same weight (±0.1 g) was assigned to each of the 4 treatment combinations in the 2 preincubation temperatures × 2 embryonic day 0 (E0) E0 to E5 temperatures design. Other eggs that fell outside the desired egg weight range but were of similar weight were randomly selected to fill the incubator trays to insure uniform air flow, and chicks from these eggs were used to obtain broiler performance data. A total of 2,880 eggs were set in 4 Natureform model I-14 setters (Natureform International, Jacksonville, FL). There were 4 replicate trays of 180 eggs used in each treatment so that a total of 720 eggs were assigned to each treatment. Each setter was initially operated at a different setting and calibrated with the same external instruments twice daily. The eggs were stored for 1 d following weighing before preincubation at 23.9
• C or 29.4
• C for 12 h prior to setting. Humidity was maintained at 53% throughout the incubation period. Following preincubation, incubators were operated at an air temperature of either 38.1
• C or 37.5
• C until E5 (120 h) of incubation. Thusly, the four TM combinations were: 23.9
• C preincubation + 37.5
• C E0 to E5 incubation; 23.9
• C preincubation + 38.1
• C E0 to E5 incubation; 29.4
• C + 37.5
• C E0 to E5 incubation. The eggs were combined into a single incubator with a temperature of 37.5
• C employed from E5 to E9 that was then gradually decreased from 37.5
• C to 37.1 • C from E10 to E14, 37.0 • C to 36.4
• C from E15 to E18, and the temperature was 36.1
• C from E19 to hatching. The eggs were turned through 90
• on an hourly basis. At E18 eggs were transferred to hatching baskets in individual pedigree bags.
At E15, 35 pairs of weight-matched eggs with live embryos from each TM treatment combination were randomly selected in order to necropsy embryos for yolk weight (YW), yolk free BW (YFBW), egg weight, embryo weight (EmW), and embryo length. At E21 (pull), chick weight, YFBW, and chick length were measured on 27 chicks from weight-matched eggs in each TM treatment.
The remaining hatched chicks were grouped into boxes according to the 4 TM treatment combinations and were then sexed, identified with neck tags, and placed in floor pens according to incubation TM treatment combination and sex. These were 18 birds placed per pen with 8 pens of each sex per TM treatment combination for a total of 64 pens. There were two blocks to account for possible positional differences between house sides. Feed and water were available for ad libitum consumption. Feed consumption was determined at 14, 35, and 49 d of age. Mortality was collected twice daily and weighed in order to calculate the adjusted FCR (kg of feed consumed/kg of live BW). Group BW was determined at 1, 14, 35, and 49 d of age. At 49 d of age, BW of the two sexes was calculated to derive an estimate of the mean. Subsequently, individual BW of three birds per pen that was within ±250 g of the estimated mean BW for each sex were marked with black paint. Feed was withdrawn 12 h before processing, while allowing continued access to water. At 50 d of age, two of three marked birds per pen were chosen at random for processing. The processing sequence consisted of weighing the birds, bleeding, scalding, plucking, sex confirmation, and evisceration with care being taken not to remove the fat pad during manual evisceration. Subsequently, the dry carcass weight without shanks, feet, and neck were recorded prior to removal of the fat pad. Carcasses were then further processed into predefined cuts consisting of wings, Pectoralis major, and Pectoralis minor.
Sampling of Embryonic Membranes
Samples of YSM were taken from E5 to E7, while CAM samples were collected from E7 to E10. During the sampling days, 10 eggs with viable embryos and within a similar egg weight range, but not from weight match egg groups, from each treatment were selected daily and subjected to the procedure described by . The eggs were boiled at 80
• C in a water bath for 2 min, the eggs removed and blotted dry, the equator was then circled twice with electrical tape, and the egg shell was then cut between the circles of tape to open the eggs without severely cracking the shell. The albumen and yolk were then carefully poured out in such a manner as to maintain the YSM and CAM firmly attached to the inner surface of the egg shell. Three photos were taken of each of these membranes using a Wild Photomakroskop M400 with a Nikon DS-Fi1 Digital Camera. Photos of the blood vessels were analyzed by Matlab (The Mathworks Inc., Natick, MA) using the CAM-era version 1.0 software (T. Stern, as employed by .
Statistical Analysis
The SAS Institute (2011) general linear model was used to analyze the data. Data were subjected to factorial 2-way ANOVA with preincubation and early incubation temperatures as fixed main effects and the model included all interactions between these effects. Statements of statistical significance were based upon P < 0.05 unless otherwise indicated. The Tukey-Kramer honest significant difference (HSD) test was used to determine separation of the means. Table 1 shows the effects of preincubation temperature, incubation temperature, and the interaction of preincubation temperature by incubation temperature on egg weight loss as well as embryo weight, YSW, and embryo length of E15 chick embryos. The 29.4
RESULTS AND DISCUSSION
Incubation
• C preincubation temperature exhibited a greater embryo weight and embryo length when compared to the 23.9
• C treatment while the 29.4
• C exhibited a smaller YSW indicating the embryos were utilizing more nutrients from the yolk sac (P ≤ 0.05). The 38.1
• C E0 to E5 incubation temperature increased egg weight loss as well as increased embryo weight and embryo length at E15 (P ≤ 0.05) as compared to the lower initial incubation temperature, which also suggested a more advanced stage or development, as might be expected. Two-way interactions of preincubation temperature by incubation temperature (P ≤ 0.05) were observed for EW loss and embryo weight. The 23.9
• C combination exhibited less egg weight loss (P ≤ 0.05) than did the other combinations, which suggested that water loss was somewhat a function of thermally driven water activity at this early stage of development. However, it must be remembered that water loss was inversely proportional to oxygen diffusion into the egg (Rahn et al., 1987) which partially explained why the 29.4
• C + 38.1 • C combination exhibited greater (P ≤ 0.05) embryo weight than did the other respective combinations while the 23.9
• C combination produced both the least egg weight loss and smallest embryo (P ≤ 0.05). These data also reflected a temperature dosimetry showing that embryo growth was affected by temperature in a positive manner as reported by many authors (Hulet et al., 2007; Piestun et al., 2009 Piestun et al., , 2013 as long as air flow was adequate and uniform (Leksrisompong et al., 2007; Lourens et al., 2007) .
Chick BW, yolk sac weight (YSW), yolk free BW (YFBW), and chick length as affected by preincubation temperature, E0 to E5 incubation temperature, and the preincubation temperature by E0 to E5 incubation temperature interactions at hatching (E21) is depicted in Table 2 . The 29.4
• C preincubation temperature decreased chick BW (P ≤ 0.05). Significant (P ≤ 0.05) main effects of incubation temperature were observed for BW, chick length, and YSW where 37.5
• C increased BW and YSW while chick length was decreased. Significant two-way interactions were observed (P ≤ 0.05) for preincubation temperature by E0 to E5 Table 1 . Egg weight, egg weight loss, absolute and relative embryo weight, absolute and relative yolk sac weight, and embryo length from chick embryos as influenced by preincubation temperature, incubation temperature, and preincubation temperature by incubation temperature interaction at E15. incubation temperature where the 29.4
• C + 38.1 • C combination exhibited the greatest chick length and the 23.9
• C combination the least chick length with the other combinations intermediate, which again appeared to reflect a simple temperature dosimetry effect. Lin (2011) incubated eggs at 38.1
• C from E0 to E3 and did not observe the increased chick length found with eggs that were incubated at 38.1
• C from E0 to E5 in the present study, which suggested that higher temperature during E4 to E5 may have been responsible for the increased chick length of the present study. Also, absolute YSW was greater for the 23.9
• C and 29.4
• C + 37.5 • C preincubation temperature by E0 to E5 incubation temperature combinations relative to the other two combinations (P ≤ 0.05), which suggested relatively delayed development and hatching due to reduced E0 to E5 incubation temperature.
The hatchability of fertile eggs for 23.9
• C E0 to E5 incubation, 23.9
• C E0 to E5 incubation, 29.4
• C E0 to E5 incubation, and 29.4
• C preincubation + 38.1 • C E0 to E5 incubation TM combinations were 79.1%, 88.2%, 88.7%, and 94.1%, respectively. Table 3 shows the effects of preincubation temperature and incubation temperature on BW of male and female broilers. There were no significant interactions.
Broiler Live Performance
The higher 38.1
• C E0 to E5 incubation temperature reduced (P ≤ 0.05) BW at 0 d (placement) in both male and female chicks probably due to slightly earlier hatching. However, earlier hatching did not induce any dehydration driven deleterious effects as this higher incubation temperature increased (P ≤ 0.05) female BW at 14 d of age and male BW at 35 d of age.
The effects of preincubation temperature and incubation temperature on FCR of male and female broilers are shown in Table 4 . There were no significant interactions. The higher E0 to E5 incubation temperature improved female FCR to 14 d and male FCR (P ≤ 0.05) during the 15 to 35 d of age period. Table 5 shows the effects of preincubation temperature and incubation temperature on percentage carcass yield of male and female broiler chickens at 50 d of age where the Ross 708 broiler would be expected to exhibit maximum breast meat yield. The higher E0 to E5 incubation temperature increased (P ≤ 0.05) relative weight of the female Pectoralis minor and relative weight (P ≤ 0.05) of the Pectoralis major in male broilers. It has been well established that TM treatments during embryogenesis positively affected breast muscle yield (Piestun et al., 2009 (Piestun et al., , 2011 . However, prior TM were applied during periods of fetal myoblast and satellite cell development. Piestun et al. (2013) and this study were the first to demonstrate such an effect during the period of embryonic myoblast development. There were no significant interactions (Table 5) . Table 2 . Effect of preincubation temperature, incubation temperature, and preincubation temperature by incubation temperature interaction on chick body weight, yolk free body weight (YFBW), absolute and relative yolk sac weight, and chick length from hatched chicks at E21. 4 Embryo weight (EmW) on an absolute and relative basis. 5 Yolk sac weight (YSW) on an absolute and relative basis. 6 Standard error of mean (SEM) for n = 54 eggs. 7 Standard error of mean (SEM) for n = 27 eggs. • C or 37.5
• C to E5. 3 Standard error of mean (SEM) for n = 16 pens. 4 Standard error of mean (SEM) for n = 8 pens. Table 6 shows the effects of preincubation temperature, incubation temperature, and preincubation temperature by incubation temperature interaction on development of the YSM vasculature. The lower preincubation temperature enhanced (P ≤ 0.05) YSM vasculature at E6 in contradiction to a larger YSW at E15 (Table 1 ) but no effect on YSW at hatching was observed ( Table 2 ). The higher 38.1
YSM and CAM Vasculature
• C E0 to E5 incubation temperature increased (P ≤ 0.05) YSM vasculature at E7 and there was less (P ≤ 0.05) YSW remaining at • C or 29.4
• C for 12 h prior to setting. 3 Eggs were incubated at 38.1
• C to E5. 4 Standard error of mean (SEM) for n = 16 pens. 5 Standard error of mean (SEM) for n = 8 pens. • C or 37.5
• C to E5. 3 Standard error of mean (SEM) for n = 16 birds. 4 Standard error of mean (SEM) for n = 8 birds.
hatching (Table 2 ). There were two-way interactions (P ≤ 0.05) observed for preincubation temperature by E0 to E5 incubation temperature on YSM vasculature at E7. The 23.9
• C + 38.1 • C and 29.4
• C + 38.1 • C TM combinations increased the YSM vasculature (P ≤ 0.05) at E7 as compared to the other combinations with the 23.9
• C the least well developed, and 29.4
• C intermediate. This may be due to the YSM development having reached a plateau at E6, and CAM development being initiated by E7. Therefore, the measurements of YSM at E7 may have been affected by the developing CAM vascularization. • C or 37.5
• C to E5. 3 Standard error of mean (SEM) for n = 20 eggs. 4 Standard error of mean (SEM) for n = 10 eggs. • C or 37.5
• C to E5. 3 Standard error of mean (SEM) for n = 20 eggs. 4 Standard error of mean (SEM) for n = 10 eggs.
The effects of preincubation temperature, incubation temperature, and the interaction of preincubation temperature by incubation temperature on development of the CAM is depicted in Table 7 . The preincubation temperature did not affect the development of CAM vasculature. However, the 38.1
• C E0 to E5 incubation temperature increased (P ≤ 0.05) CAM vasculature at E8 and E10 in a manner similar to a previous report (Pinchuk et al., 2011) . The 23.9
• C + 38.1 • C combination increased (P ≤ 0.05) the CAM vascular area at E8, E9, and E10 when compared to the other preincubation temperature by incubation temperature combinations with some exception at E9 where the 37.5
• C combinations were intermediate. In agreement with Pinchuk et al. (2011) , the present data suggested that the preincubation temperature could modify CAM development. In a somewhat similar study, Piestun et al. (2013) investigated four incubation treatments where Control eggs were treated with no preincubation and 37.5
• C incubation temperature through E21. Other eggs were preincubated at 30.2
• C for 12 h followed by 37.5 • C control incubation temperature. Manipulated treatment eggs were transferred directly from an egg cooler to the incubator and incubated at 38.1
• C from E0 to E5 and 37.5
• C afterwards. Preincubated plus Manipulated treatment eggs were preincubated at 30.2
• C and incubated at 38.1
• C afterwards. The experimental design was not able to differentiate precisely if the effects were due to the preincubation or the higher E0 to E5 temperature incubation. In the current study, the 2 × 2 design allowed us to distinguish the effects of a range of preincubation (rather than preincubation versus no preincubation) in combination with the E0 to E5 incubation temperature. There were minimum effects of preincubation observed in this current study, which may be due to the eggs being set the day after egg collection in contrast to the two studies of Piestun et al. (2013) where the eggs were either stored for 4 d or 9 d before incubation. The effect of preincubation may be more obvious when applied to eggs that had been stored for a period of time as Becker and Bearse (1958) demonstrated. Despite the difference in bird strain, location, facility, and time, the improvement in broiler live performance of the present study was similar to that observed by Piestun et al. (2013) . The higher E0 to E5 incubation temperature increased BW of male and female broilers, as well as breast meat yield, and improved FCR. The effect of TM treatments were observed later at 49 d of age with the Ross birds used in this current study as the Ross 708 has been bred for greater yield of breast meat at a greater BW than the Cobb 500 of Piestun et al. (2013) . As detailed above, another reason that the present results were not as obvious as in the Israeli research was that their negative control involved no preincubation at all as the eggs were simply left in the cooler until incubation was initiated.
The utilization of yolk nutrients and embryogenesis has been demonstrated to be supported by the YSM and CAM. The YSM of the chick embryo was found to be responsible for absorption of nutrients from the yolk during the first week of incubation while the CAM functioned as the site of exchange of respiratory gases, calcium transport from the eggshell, embryonic acidbase homeostasis, and ion and water reabsorption from the allantoic fluid (Baggott et al., 2002) . This study afforded the opportunity to study CAM development as was reported previously (Yael et al., 2007; and to study for the first time the development of the YSM vasculature for an insight into how TM treatments would affect the development of both these vascular systems and possibly help explain subsequent effects on broiler live performance and carcass yield. The 38.1
• C E0 to E5 incubation temperature exhibited greater YSM vasculature at E7, as well as increased CAM vasculature at E8 to E10 that was coincidental with greater embryo weight, egg weight loss, and embryo length at E15 (Table 1) , and ultimately greater chick length and smaller YSW at hatching (Table 2) . There were higher levels of testosterone found in both males and females in the Piestun et al. (2013) studies. Similar trends were exhibited in the present study for the 38.1
• C E0 to E5 incubation temperature as evidenced by some increase in vasculature of YSM and CAM, as well as improvement in FCR and breast muscle in the presence of greater chick length that should support greater breast meat development at a later age (Molenaar et al., 2008) . Therefore, this study of YSM and CAM vasculature data has provided greater confidence in the previous data of Piestun et al. (2013) .
